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rjERMAL  DEGRADATION  OF  PHENOLIC  POLYfERS  (U) 

i 

Prepared  by: 

Hugh  C.  Anderson 


ABSTRACT:  A  study  has  beer  made  of  the  thermal  decomposition  of  li)  phenolic 
poljTBera,  using  vacuum  thermogravlnetry  as  a  tool.  These  polymeri;  included 
|reg\ilar  phenollcs,  clilorinated  phenollcs,  and  phenolics  copolymerized  with 
sllsne,  nylon  and  phenol- furfural  resins.  The  results  are  discussed  In 
relationship  co  the  cheiriatry  of  phenolic  pcljcaera.  A  high  crosslink  density 
and  the  large  concentraclon  of  aromatic  groups  in  these  polymers  are  thought 
to  be  the  c  ises  of  their  carbonization  and  slow  decomposition  characteristic 
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Pcjearch  reported  hc’-eln  waa  perforaed  under  Task  A*8ign.T»nt  PB-^.  An 
inveatigatloii  of  the  thsnaal  degradation  of  phenolic  polymers,  using  vacuum 
theraograviaetry,  la  described.  Although  the  exact  nature  of  the  precursors 
of  these  proprietary  polymers  is  not  known,  the  results  Obtained  do  lead 
to  sone  general  conclusions  that  are  compatible  with  the  chemistry  of 
phenolic  polymers.  These  conclusions  are  expected  to  be  useful  in  the 
prenaratlon  of  new  more  highly  heat  reciitant  materials. 
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'ITtERMAl.  DSGRADATIOH  OP  PHBaiCUC  POLYMERS 


liJTROTOCnCW 

1.  Relaforcttd  plastics  based  on  glass  fibers  and  phenolic  polonsers  are 
generally  more  heat  resistant  than  those  csploylng  polyester  (Ref.  l)  or 
epoxide  (jtef.  2)  polymers.  Hoover,  because  of  the  difficulty  in  iiorhlng 
with  phenolic  polywra,  very  little  research  has  been  performed  on  tiov  they 
thermally  decompose.  The  ever  Increasing  demand  of  the  missile  age  for 
materials  having  better  and  better  heat  resistance  makes  it  highly  desirable 
that  such  research  be  carried  out  in  an  effort  to  produce  such  materials. 

2.  The  purpose  of  this  report  is  to  describe  vork  that  has  been  performed 
as  a  start  toward  a  )etter  understanding  of  the  thermal  degradation  of  phenolic 
polymers.  Fifteen  polymers  were  studied,  using  the  technique  of  vacuum  thermo* 
gravimetry  to  continuously  monitor  their  decomposition  over  a  temperatiire 
range  of  2^'^  to  920*C.  Elea^ental  analyses  were  also  made  on  each  of  the 
polymers  before  they  were  pyrol^'u;!.  The  pyrolysis  results  ar^  discussed 

in  relationship  to  the  general  chemistry  of  phenolic  polymers,  and  suggestions 
are  *'  for  future  work  in  this  area. 


THBORgnCAL  oi^rjasKM 

3.  Regular  crosslinsed  p*  enollc  polyoera  are  generally  believed  to  have 
chemical  structures  (Ref.  3}  similar  to  that  represented  by  formula  (a)  in 
Figure  1.  Their  prepaiaUon  can  be  shown  by  aquation  (B)  in  Plgura  1.  When 
phenol  la  reacted  with  formaldehyde,  either  of  the  ortho  and  pmrm  positions 
(activated  by  the  eleetroo  relaaslng  hydxogyl  group)  can  add  formaldefayda  to 
form  hydroxymethyl  phtnols.  the  hydroxymethyl  groupe  can  in  turn  condense 
with  the  active  unsubatituted  ortho  and  perm  hydrogens  of  the  phenol  to  form 
methylane  bridges  between  the  phenolic  nuclei. 

h.  Modification  of  regular  phanolica  by  eopolymerlsatioa  with  nylon 
rtalns  is  relatively  new,  and  the  chemistry  Invnlved  has  not  been  astabliahad. 
BOwever,  some  of  the  possible  reeetione  are  Mstalatcd  la  equatloma  (c) 
through  (r)  In  Figure  2.  Equations  (c)  and  (o)  show  that  foimmldehyte  could 
add  to  the  terminal  nitrogen  group  as  well  aa  to  internal  nitrogen  groups  of 
tha  nylon.  Ibe  terminal  carboxyl  group  could  eaterlfy  the  phenolic  hydroxyl 
group  and/or  hydroigmethyl  gro  -p,  na  ahown  by  aquations  (■)  and  (f). 

3.  Chloroailaaas  could  react  with  the  faydrogea  of  the  phenolic  hydroxyl 
group  and/or  that  of  tha  hydroxymethyl  to  form  allicoa-oxygcn  bonds,  aa  shown 
by  equations  (o)  and  (B)  ia  Figure  3*  The  latter  reaction  would  be  expected 
to  predominate  becauee  aliphatic  aloobola  are  known  to  be  much  more  reactive 
than  phenols  with  chloroailoiws. 
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6.  Pher.cla  could  theoretically  be  ree>cted  vith  vuy  alckehyde  tc  produce 

'  arioua  phenol  alconola,  but  the  aldol  coiidenivatl on  of  eldebydes  coutalnin*' 
an  alpht.  hydrogen  would  further  congsUcate  the  olreadj'  complex  phenol- 
aluenyde  I'e&ctiona.  Therefor?,.  tion  of  phenol!',  polyiaers  la 

j£nia]l,Y  limited  to  tne  use  of  aldehydes  not  havlri^  an  ai.pha  hydrogen,  e.g., 
foimsaliehyde.  Furfural,  another  exaisple  tf  this  type  of  aldehyde,  rtacted 
vl;,.i  phenol  would  ^Ive  a  polyaer  in  which  one  of  the  hydrogens  of  the 
metljylene  bridges  of  a  pi^encl-foraaldehyde  polyaer  is  repliued  by  a  foraa 
group,  as  shown  by  tq'iation  (l)  In  Flg^ure 

7.  Chloro-nhenollc  polyaera  are  those  in  which  oae  or  aore  of  the 
hydrogens  In  the  phenol  ring  are  replaced  by  chlorine.  If  two  of  the  active 
hydrogens  are  substituted  by  chlorine,  as  shown  by  equation  (j)  in  Figure  5> 
neither  linear  nor  network  polyinerizatlaa  is  possible.  However,  if  .only  one 
of  the  active  hydrogens  are  substituted,  only  linear  polyaerl ration  is 
possible  through  the  two  h^'droxynethyl  grentps  shown  by  equation  (K)  and 
unsubstituted  ortho  and  para  positions  of  the  phenol.  Crosslinking  is  possible 
only  when  the  aeta-hydrogens  are  substituted,  leaving  the  three  active  positions 
free,  as  shown  in  equation  (L).  In  other  words,  if  two  reactants  are  to 
polyMid  sc  into  a  crossUnked  outwork,  one  of  Ihea  aust  have  a  functionality 

of  at  least  three  and  the  other  a  functionality  of  at  least  tvo.  Fonaaldebyde 
hSLS  a  functionality  of  two.  Ihe  effect  of  the  above  reactions  on  the  theraal 
stabll  of  phenolic  polyaers  will  be  discussed  after  the  expenaeatal  data 
have  . presented. 


EXFIIRIKETCAL 

8.  Tbs  polyaers  studied,  wsre  used  a«  received  in  a  pondered  fun 
froa  Ironeidce  Resins,  Inc.,  Coluabus,  Ohio,  ercept  that  they  were  sieved 

give  assvlee  paasi^t  a  60-«eah  screen  and  stopping  on  a  100-aesb  00s. 

They  are  described  in  Table  I,  and  the  general  reactions  involved  in  their 
preparatiun  have  already  been  presented  in  Figures  1  through 

9.  Apparatus  described  previously  (Ref.  I)  was  ustd  for  the  pyrolysis 
experlaents.  Saeqples  of  epproxiaately  20-allIlgms  weight  were  pyrolorxed 
in  vucuo  at  a  heating  rate  of  3*C/ainute.  Elaaental  ena'yses  were 

Bade  00  a  portion  of  each  of  the  uopyrolyied  polyaera. 


RSaOLTS 

10.  TtMiaogranastrle  (Pd)  cu-^s  for  tbs  polyaers  are  ahown  in  Figures 
6  through  10.  A  suaaary  of  the  pyrolysis  data  is  given  in  Tablr  II,  and  the 
eleaental  analysis  data  are  tabulated  in  TWblc  III.  In  general,  the  polyasre 
decoapoeed  slowly  aud  a^adually,  rather  than  catastropically  (aa  is  the 
case  for  polyester  and  epoxide  cioselinked  polyaers),  leenrlng  eait>ooaceaus 
residues  ranging  frea  29)1  for  a  pneoolie  resin  copoljasrlBed  with  a  nylon 
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."falii  to  oijt  Tor  6.  chlorinated  pnenollc  reals  copolymerl zed  with  a  ailane. 

'iCe  relative  therriial  atabllity  of  polyatra  is  usually  lepreaented  hy  the 
teni;>erature8  at  vhlca  they  lose  50^  ''f  their  velgnt,  baaed  on  1CC%  ultimate 
Wight  LOSS.  HovBver,  Uxe  weignt  losg  far  phenolic  polymers  Is  geiierally 
much  less  tnaa  lOOjfc  and  may  vary  greatly  for  different  poljTasrs.  Therefore, 
the  BDove  criterion  In  this  case  would  be  acnaevhat  misleading.  Consequently, 
the  criterion  uaed  for  relative  thormal  atabllity  in  thl  i  work  was  taken  as 
the  teupei'atxuce  at  which  50^t  of  the  ultimate  percentage  weight  loss  occurred, 
as  Shawn  In  Table  II.  As  an  exitmple:  if  the  ultimate  percentage  weight 
lies  were  ^jO,  50%  of  this  would  be  25%,  the  corresponding  ten^rature  of 
which  could  be  obtained  from  the  thermogravlmetrlc  curve.  On  the  basis  of 
this  criterion,  a  chlorinated  phenolic  copolyaerized  with  a  silane  had  the 
slowest  relative  rat.-*  of  decomposition  and  a  regular  phenolic  copolyaerlzed 
with  a  silane  had  the  fastest,  as  evidenced  by  corresponding  temperatures 
of  505*  and  595*C.  Since  395*C  was  the  lowest  temperature  at  which  50%  of 
the  ultimate  per-'eu..age  weight  loss  occurred  and  505*C  the  highest  for  the 
group  of  polymers  studied,  s  teqwrbtiue  (430*C)  midway  between  the  two 
temperatuiea  is  taken  as  snotber  paramster.  The  percentage  weight  lost  at 
this  temperature  is  given  for  each  of  the  polymers  in  Table  II.  It  is  seen 
that  the  chlorinated  phenolic  copolyaerlzed  with  a  silene  Is  rated  as  the 
imost  thermally  soable  by  either  of  the  above  three  parameters  (loweat 

percentage  weight  loss,  highest  temperature  at  which  50%  of  ultimate 
.  .-rcentage  lose  occurs,  and  lowest  percentage  weight  lose  at  ^50*C). 


DISCUSSIOll  or  RESULTS 

12.  'Riree  of  the  fmtr  regular  phenoUes  deeoaqposed  elowly  et  about 
the  same  rate,  leaving  appreciable  carboomceous  residues  as  shown  by  the 
TO  curves  in  Figure  6.  There  are  at  least  two  ligMrtaat  reasons  for  tbit 
good  thcnsal  stability.  One  of  these  is  the  extreme  stability  of  methylene 
bridges  in  the  highly  uroeelinJbid  network.  This  In  turn  is  due  to  resonance 
stabilization  of  the  benzyl  group  (Ref.  t).  Hie  other  reason  is  the  high 
concentration  of  benzene  rings  in  the  eroesUnked  network,  -nie  phrnyl  radical 
formed  by  pyrolysis  of  the  polymer  could  coalesce  into  clusters  of  benzene 
rings,  which  would  have  the  high  resonance  stabilization  energy  characterlstK 
of  condensed  ring  systems.  This  it  also  evidentl/  responsible  for  the  large 
amounts  of  carbon  remaining  after  pyrolysis.  That  this  mschaniaa  does  occur 
is  rjggested  by  electron  spin  resonance  studies  of  eafbonaesous  reeidues 
resulting  from  tha  pyrolysis  of  various  materials  (Ref.  5).  Ho  reason  is 
offered  *'or  the  higher  rate  of  weight  loss  and  tbs  higher  ultimate  percentage 
weight  loss  of  the  fourth  regular  phenolic  polymer.  However,  the  supplier 
did  Indicate  that  an  attempt  had  been  made  to  produce  a  polywr  having  a  much 
higher  carbon  content  than  tegular  phenoUes.  Thbla  II,  buwevar,  shows  that 
Its  carbon  content  Is  about  the  same  as  that  of  the  other  three  regular 
phenoUes. 
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l}'  Asaiiiaiiig  that  tho  sape  resins  la  the  same  proportions  were  ueed 
for  each  of  the  two  phencllc  polymer^  copolymerized  vith  furfural,  the 
tr;  curves  In  Figure  7  show  the  effect  of  temperature  of  cure  on  the  thermal 
ttability.  The  one  cured  at  the  higher  temperature  wis  more  stable. 

ih.  The  TG  ''urvea  In  Figure  8  show  that  the  thermal  atabllltles  of 
the  three  phenolic  polymer«  copolymerized  with  nylon  Increased  with  de- 
creasiiig  nitrogen  content.  The  probable  reason  for  this  Is  tha.t  either 
of  ’^he  reactlc.it  (c)  through  (f)  In  Figure  2  would  upset  the  ideallzt 
crossllnKed  structure  ahevr.  by  formula  (A)  In  rigure  1.  Therefore,  . 
varying  amounts  of  the  sazoe  nylon  are  copolynerlzed  with  a  regular  phenolic, 
the  above  decrease  in  thermal  stability  with  increasing  nitrogen  content 
of  the  polymer  would  be  anticipated. 

15.  Relative  reates  of  decomposition  and  ultimate  per~entage  weight 

losses  for  the  two  phenolic  polymers  ccpolymerlzed  with’  a  llanc  are  about 
equal,  as  shown  in  Figure  9  Jwid  Table  II.  Reaction  (o)  i.  Figure  3  would 
deactivate  the  ortho  and  para  positions  of  the  phenol  and  phenol  alcohols, 
and  consequently  forbid  or  retard  formation  of  the  usual  methylene  bridges 
through  condensation.  Reaettou  (H),  the  more  probable  one,  would  block  one 
of  the  active  positions,  making  crosslinklng  impossible.  Therefore,  phenoiic- 
sllaof  would  he  less  thermally  stable  than  regular  pbenollcs,  as 

can  ..  .  seen  in  Table  II . 

16.  Figure  10  and  the  teopeiratuxe  column  of  Table  III  show  that  the 
regular  chlorinated  phenolic  and  two  of  the  chlorinated  pbenollcs  copolymerized 
vith  silane  were  less  thermally  stable  than  the  three  regular  pbenollcs 
discussed  earlier;  the  other  chlorinated  phenolic  copolymerized  with  silane 
was  more  stable.  Chlorine  on  the  benzene  ring  can  reduce  the  thermal  stability 
of  a  regular  phenolic  by  preventing  crosslinklng  when  it  Is  in  one  of  the 
ortho  or  para  positions.  Chlorine  could  also  reduce  theimal  stability  when 

it  Is  on  Oi.a  or  both  of  the  meta  pcsltions,  even  though  it  could  not  prevent 
crosslinklng.  It  has  been  reported  (Ref.  6)  that  some  polyphenyl  polymers 
decrease  in  toermal  stability  with  increasing  chlorine  substitution.  The 
lover  stabilities  for  the  two  cblorlzutted  pbenollcs  copolymerized  with 
silmne  can  be  attributed  to  both  chlorine  and  sllmne  substitution,  which 
has  already  been  discussed.  Ho  explanation  can  be  offered  at  present  for  the 
cosipauratlvely  higher  stability  of  the  other  chlorinated  phenolic  copolymer!  red 
with  lane . 


COnCUISIOHS 

If.  The  crosslinked  phenolic  polymers  studied  hers  were  fo^  to  be 
sore  thermally  stable  than  polyekter  and  epoxide  polorasrs,  as  evidence  by 
slower  rates  of  decostposltioo  and  lover  ultimate  percental  weight  losses. 
Teaqperatures  at  ^rtiicb  30)1  of  ultimata  percentage  weight  losses  ocearied 
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r«nf;ed  from  395*C  for  a  phenolic  copolymeriaed  with  silane  to  305*C  for  a 
chlorinated  phenolic  ccpolynerlced  with  silane.  I':'  watt  also  found  that 
chemical  nodiflcatlon  of  the  regular  phenolic  crosslinked  structuie  could 
cause  a  decrease  in  thermal  etabllity. 


RECCMHsiiu^<«3 

18.  From  qualitative  observations,  it  appears  that  a  major  portion 
of  the  weight  loss  is  due  to  high  molecular  weight  materials  which  are 
volatile  at  the  temperature  of  pyrolysis  but  not  at  2^*C  in  vacuo. 

Madorsky  (Ref.  7)  iuid  studied  the  vhermal  degradation  of  one  phenolic 
polymer  and  reported  that  75^  of  the  volatile  products  was  a  high  aoleeula 
weight  aateriali  his  remaining  volatile  products  were  determined  by  mass 
upectrunetrjr  to  oe  carbon  dioxide,  acetone,  propj'lene,  propanol  and  butano 
Is  did  not  try  to  identify  the  high  molecular  weight  material.  It  is 
proposed  that  molecular  distillation  be  used  to  collect  these  high 
aolccular  weight  materials  for  infrared  stiuiy  and  that  the  other  more 
volatile  materlala  be  identified  by  gaa  chroicatography.  In  an  effort 
to  obtain  more  basic  information  on  how  phenolic  polymers  thermslly 
degrade,  it  la  proposed  that  pyrolyals  of  the  model  eomipounds  and  polymers 
shewn  in  Figures  UA,  Ufi  and  UC  be  investigated. 


FIG.  I  CHEMISTRY  OF  REGULAR  PHENOLIC  POLYMERS 


AND  HYDROXYMETHYL  PHENOLS 
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FIG.3  REACTIONS  OF  CHLOROSILANES  WITH  HYDROXYMETHYL  PHENOLS 


FIG.4  SYNTHESIS  OF  PHENOL*  FURFURAL  POLYMERS 
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FIG.5  REACTIONS  OF  FORMALDEHYDE  WITH  CHLORO-PHENOLICS 


TEMPERATURE  OF  SAMPLE  (*0 

RG.7  T6  CURVES  OF  PHENOLIC-FURFURAL  POLYMERS 


FIG.8  TG  CURVES  OF  PHENOLIC  -  NYLON  POLYMERS 


R  {FURFURAL- PHENOLICl 
(FORMALDEHYDE-PHENOl  iC) 
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FIG.  10  TG  CURVES  OF  CHLORINATED  PHENOLIC  POLYMERS 


FIG.IIA  MODEL  COMPOUNDS  AND  POLYMERS 
FOR  FUTURE  STUDY 
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FIG. MB  MODEL  COMPOUNDS  AND 
POLYMERS  FOR  FUTURE  STUDY 
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TABLK  X 


inafTiTiCiVnoH  of  pheholic  polxmei^s 


i)calgnatlon 


nr 


description 


M40 

CT  801 

NPP 

F-20 

7A-20 

M40lf 

M20H 

IfFPN 

F-20R 

HPPR 

HPCPS-96 

HPCPS-50 

HPCPS 

PIBOIB 


Regular  Phenolic 
Regular  Phenolic 
Regular  Phenolic 
Regular  Phe^llc 

Phenolic  cc^ol^aerlzed  vlth  furfural 
Phenolic  copol^aerized  vlth  furfural 
Phenolic  copolynerlzed  vita  nylon  resin 
Phenolic  copol^rlzed  vlth  nylon  resin 
Phenolic  copolynerlzed  vlth  nylon  resin 
Phenolic  copolynerlzed  vlth  silane  and  furfural 
IhenoUc  copolynerlzed  vlth  a  silane 
Chlorinated  phenolic  copolynerlzed  vlth  a  silane 
Chlorinated  phenolic  copolynerlzed  vlth  a  silane 
Chlorinated  phenolic  copolynerlzed  vlth  a  silane 
Chlorinated  regular  phenolic 


(l)  All  13  polvners.  In  powdered  fom^  verc  furnished 
gratis  by  Irousides  Resins,  Inc.,  Colunbus,  Ohio. 
The  above  designation  is  the  Ironsides  code. 
mUo,  HFFH  and  HFCP>56  polyners  vere  polynerlzed  in 
thin  sheets  for  one-half  hour  under  a  pressure  of 
>tOO  p.s.i.  and  at  a  teaperature  of  203*C.  FA-20 

polyiser  (catalyzed  vlth  a  Ball  anount  of  nalele 
anhydride)  vas  polynei'ized  for  one-half  hour  at 
UOO  p.s.i.  and  121*C.  All  of  the  other  polyners 
vere  polynerlzed  at  MX>  p.s.i.  an  I  163*C. 
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fl) 

Polj'S'-.r' 


Mi9Bl 

Mi*0 

CT801 

NrP 

F'PO 

FA-.?0 

M4CA' 

MPON 

RPPN 

F-20R 

NPPP. 

HPCl-'o-9& 

H?CI’S-50 

HPOPS 

PlSONB 


TABIi:  TI 


OP  FTfROLYSIo  DAT»  TOR  PHEROUC  POLYMERS 


irLtiniat^  p*rc;s:it  weight  Temperature  at  50?^  of  Percentage  Weight 

Loss  up  to  '?2f:'C  Ultimate  percents^  Lcaa  up  to  450*C 

_ Weight  Lobs  ,  *C _ ■ 


1*90 

19 

490 

IB 

47.1 

1*80 

20 

‘^9-0 

U30 

36 

.r^.9 

U75 

17 

55.'^ 

430 

32 

•jl.l 

460 

24 

60.8 

445 

32 

71-5 

410 

:-3.t 

400 

36 

54.^ 

595 

28 

59.3 

f05 

14 

4;.o 

455 

21 

U3.1 

465 

20 

U5.3 

445 

23 

(l)  Jee  Table  X  for  description  of  Polymers. 
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TABLE  III 


ELE>ffiNTAL  AHAUTfaS  MTA 


(1) 


CW  PHENOLIC  POLYMERS 


Polyacr^^^ 

%  Carboa  f  ^/irt'-ren 

i  Chlorine 

i  Silicon 

Nitrogen 

K19B1 

74.6 

5.96 

Mho 

76.5 

5.41 

- 

• 

- 

CT60i 

76.0 

5.54 

- 

- 

- 

HPP 

77.0 

8.13 

- 

- 

- 

F-20 

71  6 

4.72 

- 

- 

• 

PA-20 

70.4 

5.19 

- 

- 

- 

Ml»Olf 

73.6 

5.96 

- 

- 

0.88 

K20H 

75.0 

7.19 

- 

1.50 

NPPN 

74.9 

7.66 

- 

- 

2.96 

P-20R 

64.3 

5.34 

- 

6.91 

- 

RPFR 

71.9 

6.94 

• 

6.22 

* 

HPCPS-96 

71.0 

5.46 

0.80 

4.52 

- 

HPCPS-50 

67.2 

5.56 

7.44 

2.41 

e. 

HPCPS 

62.6 

4.9? 

12.15 

1>.60 

PlSORB 

65.1 

5.04 

16.58 

• 

• 

(1^ 

(8) 

Each  value 

Sec  Table  I 

is  ao  averaes  of  at  least  two  detenlnatlons. 

for  descrlp'.'lon  of  poljrasrs. 
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